Addition of a macromolecule to a solution will give rise to a large excluded volume for the centers of the solute molecules. This will cause an apparent increase in solute concentration which is of the same order of magnitude as that associated with the nonsolvent volumes reported in the literature. A critical examination of one of the procedures used for the determination of nonsolvent water-the vapor pressure method of Hill-is given, and it is concluded that, with the use of this method, it is impossible to detect any significant nonsolvent water surrounding bovine albumin for either sugars or polyols. Generally, data reported in the literature for the nonsolvent water of proteins or other macromolecules will be too high unless they are corrected for the excluded volume.
INTRODUCTION
Several methods for the determination of the nonsolvent water surrounding proteins are in use. They consist essentially of determining the change in concentration of a solute caused by addition of a protein to the solute solution. This concentration can be determined directly in the ultrafiltrate of the protein solution (Greenberg and Greenberg [1] ), or in the dialysate (Gary-Bobo [2] ), or indirectly by measuring the change in freezing point (Sunderman [3] ), or the change in vapor pressure (Hill [4] ). Also studies of the distribution of neutral solutes between cells and medium can be used (Miller [5] , MacLeod and Ponder [6] , Troshin [7] , Gary-Bobo [2] , and Cook [8] ). Determinations of the nonsolvent water in protein crystals have been carried out by determining the concentration of a solute in crystal water and comparing this concentration with the concentration in the mother liquid (Perutz [9] , McMeekin et al. [10] , Drabkin [1 1] ). Values of nonsolvent volume found via these different methods generally vary from about 0.4 ml of water per g of protein to virtually zero. This may be partly due to differences in methods or experimental conditions. It has been found by Roepke and Baldes (12) that the relative increases in osmotic value determined by means of the vapor pressure method of Hill depend upon the solute used. This has been confirmed by Gary-Bobo (2) in a study of the distribution of solutes over red cells and medium. The differences in nonsolvent volume observed with varying solutes may indicate that the hydration layer around the protein permits the entrance of solute molecules to varying extents depending on the nature of the solute.
Schachman and Lauffer (13) have pointed out that the apparent hydration of tobacco mosaic virus depends upon the size of the solute present when the hydration is determined. This is due to the fact that the centers of the solute molecules are excluded to different extents from the surface of the virus. When this exclusion is larger than the exclusion of the solvent molecules, an apparent increase in concentration of the solute will result. Therefore, the amount of nonsolvent water calculated will be too large, and must be corrected for the contribution of the excluded volume. This correction depends upon the size of the solute molecule, and also upon the surface area of the macromolecule or particle involved. A dependence upon solute size of the exclusion for solutes from the surface of macromolecules has been observed by Ogston and Phelps (14) for hyaluronic acid, and by Laurent (15) for both hyaluronic acid and dextran.
We have now calculated the expected excluded volume of a number of polar solutes in the presence of bovine serum albumin. In addition the vapor pressure method of Hill has been applied in order to determine the increase of osmotic value occurring upon the addition of protein to solute solutions. This increase is corrected for the calculated contribution of the exclusion effect to the osmotic value. It will be shown that, for polyols and carbohydrates, the net increase in osmotic value is virtually zero.
METHODS
Osmotic values of solutions were determined with a Mechrolab vapor pressure osmometer (Hewlett-Packard, Avondale, Pa.) at 37 0 C. The readings were made 4 min after applying the samples to the thermistors. A linear relationship exists between the amount of resistance change needed to rebalance the Wheatstone bridge and the osmotic values of NaCl (see Ts'o, Melvin, and Olson [16] ). This has been confirmed by us. Osmotic coefficients given by Robinson and Stokes (17) are used for the calculation of the osmotic values of NaCl. These osmotic coefficients are given for 25 0 C, but the coefficients do not change much in the temperature range involved. The mean deviation of determinations of osmotic values was 2.8 instrumental divisions, corresponding to 0.4 milliosmolal. This is in accordance with the experience of Ts'o et al. (16) .
The concentrations of solutes in mixtures of solute and water, expressed in milli-molal (C,), are calculated by dividing the osmotic value (milliosmolal) by the osmotic coefficient. The volume of solute in 1 ml of solution is calculated according to equation (1) . 
THEORY
We are dealing with a three-component system: water (w), solute (s), and macromolecule (m). As already pointed out by Schachman and Lauffer (13) the presence of macromolecules with a large surface area will give rise to an excluded volume for the centers of solute molecules. We will calculate the magnitude of this volume for the macromolecule bovine serum albumin. It is assumed that the mean distance from the centers of the solute molecules to the protein surface is equal to the radius (r,) of the equivalent sphere of unhydrated solute:
where NA is Avogadro's number. For r we have used both the value 1.45 A, the mean distance between oxygen atoms in the Danford-Levy model (see Berendsen [18] ) and the value 1.93 A calculated via equation (2). Riddiford and Jennings (19) consider bovine serum albumin to be a prolate spheroid with semiaxes of 57.0 A and 18.4 A. The total excluded volume for a solution containing n macromolecules will be given by equation (3) v , ,, is given in milliliters when expressing a, b, r, and r in centimeters; n is g X N/IM = 8.99 X 1018g; N, is Avogadro's number; M is 67,000, the molecular weight of bovine serum albumin; and g is the weight of protein in grams added to the solution of s in w, and corrected for the moisture content of the protein. The excluded volume has to be corrected because part of the volume is occupied by other proteins and because part of the volume is taken twice because of the overlapping of the excluded volume of two molecules. These corrections are proportional to the volume fraction of the macromolecules (v,/vt) and to half the volume fraction occupied by the excluded volume (v,/vt). vm, v, and vt are the volumes occupied by the protein, the corrected excluded volume, and the total volume of the solution, respectively. The corrected excluded volume is given by:
v, is equal to the product of the dry weight of the protein added and the reciprocal value of the density of the protein. The space available for the solute in the presence of the macromolecule will decrease from (v, -v) to (t -Vm -.) because of the excluded volume. It is now possible to calculate the apparent nonsolvent volume (ANSW) due to the excluded volume and to express this in grams per g of protein by dividing v, by the dry weight of the protein (g):
Experimental values of apparent nonsolvent volume are calculated from the decrease in water available for the solute; i. e., from the increase in solute concentration. It is assumed that the ratio of solute concentrations is equal to the ratio of contributions of the solute to the total osmotic value. This will be true when the osmotic coefficients do not change on adding the protein. The ratios are given by:
dC, and dP, are the increases in concentration and in osmotic contribution of the solute, respectively. The value for the experimental apparent nonsolvent volume calculated from the increase in osmotic value is given by:
The last approximation is allowed in the special case when a certain amount of protein is added to 1 ml of solution. Then v, -vm is approximately 1 ml provided that the moisture content of the added protein is not too high. In that case (4) approximates to:
RESULTS
We have determined the osmotic coefficients of the solutes which are necessary for the calculation of C. and of v, the volume of the solute. The osmotic coefficients are calculated by means of the experimental relation: 
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and the ratio of the intrinsic viscosities of the polyethylene glycol solutes and the mean value of the viscosities of the other molecules. Table II summarizes the results of our experiments, in which we determined the differences (dP) in osmotic values of mixtures of solute, protein, and water (Pm+ 8 ), and the sum of the osmotic values of protein and water (Pm) and of solute and water (Ps). The procedure followed consists essentially in determining the osmotic values of 200 mg of protein added to 1 ml of water, the osmotic value of a solution of nonelectrolyte, and the osmotic value of a mixture of 200 mg of protein added to 1 ml of solution. In order to obtain osmotic values for the solute solution and the protein solution which may be compared with the I8 5 THE JOURNAL OF GENERAL PHYSIOLOGY · VOLUME 56
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osmotic value of the solution of protein and solute together, some corrections have to be applied. The protein contains some water (x ml per 200 mg) and this leads to a small dilution of the solute. On the other hand, the water content of 1 ml of solution is less than 1 ml, being equal to 1 -v. The osmotic value found for the solute is multiplied by (1 -v Table II. giving P.; and the osmotic value of the protein in 1 ml of water is divided by (1 -v) , giving Pm. The latter correction is based upon the fact that an almost linear relation exists between the osmotic value of the protein solution and the amount of protein added to 1 ml of water, up to a concentration of 0.3 g of protein per ml.
Calculation of the contribution of the protein at a concentration of 200 mg per ml to the osmotic value and the use of the data of Scatchard et al. (20) on the osmotic coefficient of bovine albumin reveal that about 80% (differing somewhat from batch to batch) of the osmotic value is to be ascribed to other particles than the protein. This value corresponds to about 20 milliosmolal, and is presumably caused by salts present in the protein samples.
Apparent nonsolvent values calculated from the values of dP, and P, according to equation (7) are given in Table III and are compared with theoretical values of the apparent nonsolvent value calculated from the excluded volume (see equation [5] ). It appears that the differences between experimental apparent nonsolvent values and the calculated values do not differ much. The apparent nonsolvent value increases with increasing molecular volume for the series of the saccharides. The mean values for the monosaccharides, the disaccharides, and the trisaccharides are 0.136, 0.258, and 0.361, respectively. The value for stachyose, however, is much smaller than expected. An increase in apparent nonsolvent water with molecular weight is also seen in the series of the polyols and of the PEG (polyethylene glycol) solutes. Comparison of experimental values for apparent nonsolvent values and those derived from calculated excluded volumes shows that both values are about the same in the case of sugars and polyols. The values calculated for the PEG solutes, however, are much smaller than those observed. This may be partly due to the fact that the effective radii of the PEG solutes are larger than those calculated from their molar volume.
Finally our results show that the apparent nonsolvent values do not differ much within the range of water radii representing two extreme values.
DISCUSSION
It appears from the calculations of the apparent nonsolvent volume (ANSW in Table III) that these values are rather high, and, in several cases, of the same order of magnitude as the values reported in the literature for nonsolvent volumes (see the Introduction). These nonsolvent values must be corrected for the contribution of the exclusion effect. The amounts of nonsolvent water surrounding hemoglobin, determined using ethylene glycol, glycerol, and mannitol (2), do not differ by much from the corresponding values for the excluded volumes calculated for these compounds in the case of bovine albumin. This suggests that the hydration water of hemoglobin is almost completely accessible to these compounds. The values of the nonsolvent water of hemoglobin calculated by Roepke and Baldes (12) from results of vapor pressure studies with glycerol, glucose, and sucrose are also of the same order of magnitude as those calculated for the excluded volume around bovine albumin. With gelatin some higher values were found using glycerol and mannitol as solutes. Since the nonglobular protein, gelatin, has a much larger surface than globular proteins, the excluded volume will be larger and will probably account for the higher values of nonsolvent water calculated.
Our own data may only give an indication of the presence of nonsolvent water in the case of the PEG solutes. The increase in osmotic values of polyol or sugar solutions found after addition of bovine albumin can almost quantitatively be accounted for by the "solute exclusion effect." This means that the vapor pressure studies conducted with these strongly polar solutes do not give any indication for the existence of a nonsolvent water layer around bovine albumin. However, we are aware that the osmotic values of protein solutions and mixtures of protein, solute, and water depend upon several factors. The possibility cannot be excluded, for example, that the effect of true nonsolvent water may be compensated for by other effects, such as the adsorption of solutes to specific groups at the protein surface. It is also possible that the increase in osmotic value observed on mixing protein and solution is due to an increase in the activity of the salts present in the protein solutions. It appeared, however, that the addition of either a polysaccharide or polyethylene glycol to a salt solution affected the osmotic value to only a small extent. The use of 1.8% w/v of raffinose gave rise to a decrease of 1% in the osmotic value of 25 mmolal NaCl, and 7%0 w/v of polyethylene glycol 6000 only raised the osmotic value of 100 mmolal NaCl by 14%. These percentage changes in osmotic value are much smaller than the increases calculated for mixtures of solute, protein, and water even when the computations are made using the entire osmotic value of the protein solution as the base line.
The possibility that the results were affected by the presence of salts may not be overlooked. It may be that the results in a salt-free, though very unphysiological, medium may be quite different. In addition, our experiments were carried out at rather high concentrations of nonelectrolytes. This may also affect the experimental results in some manner.
The calculated increase in the apparent nonsolvent value is much smaller than that observed experimentally in the case of the polyethylene glycol solutes. It may not be justified, however, to calculate the radii of the polyethylene glycol molecules from their molar volume. The intrinsic viscosities of these molecules are much larger than the intrinsic viscosities found for the other solutes, indicating that the effective radii are larger than those calculated. The ratio of the observed increase in apparent nonsolvent value to the calculated one increases with the molecular weight of the polyethylene glycol molecules. This is also the case with the ratio of the intrinsic viscosities of these molecules and the mean intrinsic viscosity of the other solutes. This means that at least a considerable part of the increase in apparent nonsolvent value is due to the exclusion of the polyethylene glycol molecules from the protein surface. Whether or not some real nonsolvent water is present cannot be decided from our present experimental results.
It has been emphasized by Gary-Bobo (2) that a number of variables must be taken into account when dealing with the question of nonsolvent water. Our study shows, in addition, that the effect of the exclusion of solutes cannot be neglected. In some cases it can even account for the total amount of apparent nonsolvent water calculated. Furthermore, estimates of nonsolvent water deduced from the anomalous osmotic behavior of red cells (see for example references 21 and 22) are probably too high and should not only be corrected for the effect of the mutual exclusion of the protein molecules themselves (see Dick [23] ), but also for the contribution due to exclusion of solutes from the protein surface. A possible consequence of the exclusion of solutes from the surface of macromolecules has already been discussed by Law and Phelps (24) in connection with determinations of the free space of cells. It is to be expected that larger solutes will give rise to smaller free spaces than small compounds do. This has been confirmed experimentally by these authors. Maizels and Remington (25) also found much smaller values for the intercellular space of red blood cells when they used proteins as solute than when they used inulin or lactose.
